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O objetivo deste estudo foi analisar aspectos macroscópicos, microscópicos e 
ultraestruturais do esmalte dental não cariado de pacientes com câncer de cabeça e 
pescoço submetidos à radioterapia. Vinte molares permanentes hígidos foram usados 
e divididos em 2 grupos. O grupo experimental foi constituído por 10 molares 
permanentes hígidos oriundos de pacientes com câncer de cabeça e pescoço que 
receberam doses totais de radiação que variaram entre 50-70 Gy. O grupo controle 
foi constituído por 10 molares permanentes hígidos de pacientes com câncer de 
cabeça e pescoço que não foram submetidos à radioterapia. Para realizar a análise 
macroscópica, foram obtidas fotografias padronizadas das diferentes faces do 
esmalte dental com auxilio de uma câmera fotográfica reflex, objetiva macro e flash 
circular. Todos os dentes foram submetidos a cortes longitudinais e foram polidos 
manualmente com lixas de carbeto de silício nas granulações 600 a 2.000 
sucessivamente para obter secções dentais com espessura final de 0,1mm. As 
superfícies do esmalte foram analisadas no microscópio de luz polarizada (MLP) e os 
valores de retardo óptico de birrefringência foram calculados na região cervical, da 
cúspide e da fossa oclusal das amostras. As mesmas regiões analisadas na MLP 
foram posteriormente analisadas no microscópio eletrônico de varredura (MEV) a 
15Kv e aumento de 5.000X. Os dados de valores de retardo óptico foram analisados 
estatisticamente por ANOVA de dois fatores e teste de Fisher (α<0,05). Os resultados 
revelaram que não houve diferenças macroscópicas entre o esmalte dental hígido 
irradiado e controle. A análise por MLP revelou que o esmalte cervical do grupo 
irradiado apresentou padrões mais discretos de birrefringência, comparado com o 
esmalte do grupo controle. Houve diferenças significativas nos valores de retardo 
óptico entre o esmalte cervical do grupo irradiado e controle (p <0,0001) mas não 
houve diferenças entre outras áreas (p>0,05). Além disso, houve diferenças nos 
valores de retardo óptico quando comparadas as diferentes profundidades do esmalte 
da cúspide e da região cervical em cada grupo (p<0,05). A análise por MEV revelou 
alteração morfológica da região interprismática do esmalte cervical e desorganização 
do esmalte profundo da cúspide no grupo irradiado; entretanto, não houve diferenças 
qualitativas entre a fossa oclusal dos dois grupos. Como conclusão, não houve 
diferenças macroscópicas entre o esmalte do grupo controle e irradiado. No entanto, 
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o esmalte cervical de pacientes oncológicos submetidos à radioterapia em cabeça e 
pescoço apresentou valores reduzidos de retardo óptico de birrefringência, 
possivelmente, influenciados pelas alterações morfológicas detectadas na matriz 
orgânica do esmalte que podem ser importantes para o início e a rápida progressão 
clínica da cárie relacionada à radiação. 
 
Palavras-chave: Esmalte dentário. Radioterapia. Neoplasias de Cabeça e Pescoço. 























The aim of this study was to analyze macroscopic, microscopic and ultrastructural 
aspects of non-carious enamel in teeth from head and neck cancer patients who were 
submitted to radiotherapy. Twenty sound permanent molars were used and divided 
into 2 groups. The experimental group was constituted by 10 sound permanent molars 
from head and neck cancer patients who received radiotherapy with total doses that 
ranged from 50-70 Gy. Ten sound permanent molars from head and neck cancer 
patients who did not undergone radiotherapy constituted control group. To perform 
macroscopic analysis, standardized photos from different enamel faces were taken 
with a reflex camera, macro lens and ring flash. All teeth were subjected to longitudinal 
cuts and were hand polished by silicon carbide paper number 600 to 2,000 
successively until obtaining final thickness of 0.1 mm. Enamel surfaces were analyzed 
under polarized light microscopy (PLM) and optical retardation values of birefringence 
were calculated at cervical, cusp and occlusal pit areas. The same enamel regions 
were analyzed in scanning electron microscope (SEM) at 15Kv and 5,000X 
magnification. Data from optical retardation values were statistically analyzed by two-
way ANOVA and Fisher test (α<0.05). Results revealed that there were no 
macroscopic differences between sound irradiated dental enamel and control group. 
PLM analysis revealed that cervical enamel from irradiated group showed more 
discrete birefringence patterns, compared to enamel from control group. There were 
significant differences in optical retardation values between cervical enamel from 
irradiated and control groups (p <0.0001) but no differences were observed between 
other areas (p>0.05). Furthermore, there were significant differences in optical 
retardation values when comparing different depths from cusp and cervical enamel in 
each group (p<0.05). SEM analysis revealed morphologic alterations of interprismatic 
region from cervical enamel and disorganization of inner enamel from cusp in the 
irradiated group. However, there were no qualitative differences between occlusal pits 
from both groups. In conclusion, there were no macroscopic differences between 
enamel from control and irradiated group. However, cervical enamel from head and 
neck cancer patients who underwent radiotherapy showed lower optical retardation 
values, possibly influenced by morphologic alterations in enamel organic matrix, which 
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 O câncer é um grupo de patologias que tem origem na desregulação de 
processos complexos de controle e regulação do ciclo celular, ocasionando divisão e 
crescimento celular descontrolados e gerando expansão monoclonal de células 
tumorais malignas com capacidade de invasão local e expansão metastática 
(Hanahan et al., 2011, Cairns et al., 2011). Protocolos contemporâneos de 
tratamentos do câncer combinam ressecção cirúrgica do tumor primário e das 
eventuais metástases regionais, associada à quimioterapia (QT) e à radioterapia 
(RDT) adjuvantes que podem ser aplicados de forma independente ou concomitante 
(quimiorradioterapia: QRDT) buscando melhores resultados clínicos de controle 
tumoral (Huang and O´Sullivan, 2013). 
 
 A RDT é amplamente utilizada para controle de tumores malignos e se 
fundamenta na utilização de diversos tipos de radiação com potencial ionizante 
capazes de gerar radicais livres que afetam o material genético das células tumorais 
e induz apoptose nas populações celulares malignas, reduzindo o volume tumoral 
irradiado (Eriksson et al., 2010). Os protocolos clínicos de RDT prescritos para 
tumores malignos de cabeça e pescoço se caracterizam, na maioria das vezes, por 
aplicar doses fraccionadas de radiação, geralmente da ordem de 2 Grays (Gy), uma 
sessão por dia, durante 5 dias da semana (com intervalo nas sessões durante o final 
de semana), durante aproximadamente 7 semanas, gerando dose total que varia entre 
50-70 Gy. (Kielbassa et al., 2006; Eriksson et al., 2010). Existem várias modalidades 
de RDT, como a convencional (2D), a tridimensional (3D) a RDT de intensidade 
modulada (IMRT) e a RDT por feixes de prótons (Marta et al., 2014). 
 
O tipo de radiação ionizante utilizada durante o tratamento oncológico, a dose 
total prescrita para o tumor, o tempo de tratamento e a combinação com outras 
modalidades de tratamento dependem de vários fatores como estadiamento clínico 
do tumor, localização, tipo de tumor, condições físicas do paciente e infraestrutura do 




 A RDT é considerada uma das opções terapêuticas mais comuns para o 
tratamento de neoplasias malignas na região de cabeça e pescoço por sua efetividade 
na redução do volume do tumor primário e também diminuição no risco de metástases. 
A despeito desta efetividade da RDT no contexto do tratamento do câncer de cabeça 
e pescoço e também dos protocolos tecnicamente modernos e baseados em 
fraccionamento de doses, uma miríade de graves efeitos colaterais da RDT continua 
sendo observada nas estruturas bucomaxilofaciais presentes no campo de radiação 
dos pacientes com tumores malignos desta região (Toletino et al., 2011). 
 
A título de exemplo, pacientes com câncer de cabeça e pescoço submetidos à 
RDT experimentam diminuição do fluxo salivar desde as primeiras semanas de 
tratamento e tal toxicidade pode persistir de modo permanente mesmo após a 
conclusão da RDT. De modo semelhante, mucosite, disgeusia, radiodermite, trismo, 
disfagia, candidíase, osteorradionecrose e cárie relacionada à radioterapia (CRR) 
representam importantes toxicidades da RDT em cabeça e pescoço que 
frequentemente limitam a qualidade de vida dos pacientes oncológicos (Andrews  and 
Griffiths., 2001; Germano et al., 2015). 
 
 Da mesma forma, existe evidência científica demonstrando que os tecidos 
dentais também são modificados morfo-fisiologicamente após a RDT. Por exemplo, 
um estudo in vitro mostrou que a RDT simulada experimentalmente produz 
instabilidade e diminuição da resistência ao cisalhamento da junção amelo-dentinária 
(Pioch et al., 1992), além da destruição radiogênica das células do tecido conjuntivo 
da polpa, evidenciado pelas altas concentrações de cadeias de hidroxilisilpiridinolina 
(HP) e lisilpiridinolina (LP) identificadas pelos autores Springer et al., (2005). Outro 
estudo que avaliou dentes de pacientes irradiados reportou alterações morfológicas 
no processo odontoblástico e na dentina (Grötz et al., 1997). No entanto, um estudo 
recente de nossa equipe que avaliou os efeitos in vivo da RDT de cabeça e pescoço 
na microvascularização, inervação e matrix extracelular da polpa de humanos revelou 
que a micromorfologia deste tecido é altamente preservada mesmo após a conclusão 
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do tratamento baseado em altas doses de radiação (Faria et al., 2014). Frente ao 
exposto, se torna flagrante a grande controvérsia existente na literatura científica 
acerca da capacidade dos efeitos diretos da RDT gerararem destruição radiogênica 
nos tecidos dentais de pacientes oncológicos. 
 
 O esmalte dental é outra estrutura dentária potencialmente afetada diretamente 
pelas doses de radiação ionizante por estar frequentemente no mesmo campo de 
radiação dos tumores malignos de cabeça e pescoço. O esmalte é uma estrutura 
altamente mineralizada e considerada a mais dura do corpo humano devido ao alto 
conteúdo de cristais de fosfato de cálcio ou bastões altamente compactados que se 
organizam para formar os prismas de esmalte (Avery et al., 2005; Arnold and 
Gaengler, 2007). Além disso, o esmalte dental apresenta uma matriz orgânica 
extracelular (também denominada sustância interprismática) que circunda os prismas 
e tem características morfológicas totalmente diferentes dos prismas em relação a 
volume, orientação morfológica e composição química. A matriz orgânica do esmalte 
representa apenas 4%, em termos de peso, da estrutura do esmalte e é constituída 
por água e proteínas de natureza não colagenosa como amelogenina, ameloblastina 
e enamelina encontradas em pequenas quantidades nos espaços interprismáticos 
(Nanci, 2008). Alguns estudos in vitro sugerem que altas doses de radiação ionizante 
alteram a estrutura da matriz orgânica do esmalte e provavelmente afetam as 
propriedades físico-mecânicas do esmalte irradiado; entretanto, estes resultados não 
são universalmente aceitos e foram realizados com radioterapia simulada 
experimentalmente in vitro (Soares et al., 2010, Gonçalves et al., 2014). 
 
A CRR, também denominada “cárie da radiação”, é um dos maiores desafios 
odontológicos no campo dos efeitos colaterais da RDT em boca e se caracteriza por 
cárie rampante com alto potencial de destruição dental, dificuldade de padronização 
diagnóstica e difícil tratamento restaurador (Hong et al., 2010). Trabalhos anteriores 
de nossa equipe sugerem que, a despeito deste comportamento clínico agressivo, as 
lesões de CRR se desenvolvem seguindo padrões morfológicos de desmineralização 
muito semelhantes à progressão microscópica da cárie convencional (Silva et al., 
2009). Uma reflexão importante para compreender por que os padrões microscópicos 
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de desmineralização da CRR não são compatíveis com seu curso clínico, é a 
complexa condição odontológica dos pacientes com câncer de cabeça e pescoço 
antes, durante e depois da RDT. Em outras palavras, é notório que pacientes com 
tumores malignos em cabeça e pescoço, em sua maioria, possuem status 
odontológico desfavorável mesmo antes do diagnóstico oncológico e que, após a 
RDT, ocorrerá hipossalivação, incremento de microrganismos com potencial 
cariogênico, como Streptococcus e Lactobacillus. Além disso, redução do pH da saliva 
residual, mucosite, sensibilidade e dor da mucosa bucal que limitarão ainda mais a 
frequência e a eficácia da higiene bucal, bem como aumento da ingestão de alimentos 
pastosos ricos em carboidratos e, consequentemente, mais cariogênicos (Epstein et 
al., 1991; Kielbassa et al., 2006; McCaul, 2012).  
 
Em decorrência disso, o processo carioso é acelerado e inicia-se 
predominantemente na região cervical dos dentes. Macroscopicamente, a lesão de 
CRR é observada pela alteração de cor da superfície dentária para uma coloração 
marrom escura. A lesão cariosa inicial também pode ser observada com menor 
frequência em outras áreas como bordas incisais e cúspides dos dentes dos pacientes 
com câncer de cabeça e pescoço submetidos à RDT e, se não diagnosticada e tratada 
a tempo tem potencial para causar rápida destruição dental (Kielbassa et al., 2006; 
Mohammadi et al.,2008; Silva et al., 2009; de Oliveira et al., 2013). 
 
 Sob o ponto de vista biomecânico, o esmalte dental dos pacientes com câncer 
de cabeça e pescoço submetidos à RDT apresenta maior susceptibilidade à fratura, 
especialmente na face vestibular, e conduz a delaminações ou fraturas catastróficas, 
com a exposição da dentina subjacente que pode afetar o prognóstico dental 
(Kielbassa et al., 2006). Apesar dessas informações, ainda não existe uma explicação 
clara e detalhada sobre a etiologia da CRR e tampouco se compreende claramente 
os efeitos da RDT in vivo na microestrutura do esmalte dental. Vários estudos tem 
avaliado as propriedades mecânicas do esmalte dental submetido à RDT simulada 
experimentalmente e muitos desses resultados são francamente conflituantes 
(Fränzel and Gerlach, 2009; de Siqueira et al., 2014; Hamed et al., 2014).  
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Tendo em vista a relevância clínica da melhor compreensão dos mecanismos 
de progressão da CRR, sobretudo para os fenômenos que afetam a microestrutura do 
esmalte cervical –tecido central para o início da CRR –o objetivo precípuo desta 
dissertação foi analisar os aspectos macroscópicos, microscópicos e ultraestruturais 
do esmalte dental de pacientes com câncer de cabeça e pescoço submetidos à RDT. 
A hipótese testada foi a de que não existem diferenças macroscópicas ou 
micromorfológicas entre o esmalte dental irradiado in vivo e o esmalte dental de 
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Abstract 
Objective. To analyze macroscopic, microscopic and ultrastructural aspects of enamel 
from head and neck cancer patients submitted to radiotherapy. Materials and 
methods. Twenty sound extracted permanent molars were used and divided into 2 
groups. The experimental group consisted of 10 molars from head and neck cancer 
patients submitted to radiotherapy with total doses that ranged from 50-70 Gy. Ten 
molars from patients who did not receive radiotherapy were matched with experimental 
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group samples by anatomic teeth group and composed the control group. To perform 
macroscopic analysis, standardized photos from different enamel faces were taken 
with a camera. Teeth were subjected to longitudinal cuts and hand polished until a final 
thickness of 0.1 mm. Enamel was analyzed under polarized light microscopy (PLM) 
and optical retardation values of birefringence were calculated in cervical, cusps and 
occlusal pit areas. Subsequently, the same enamel areas were analyzed by scanning 
electron microscopy (SEM). Data from optical retardation values were statistically 
analyzed by two-way ANOVA and Fisher test (α<0.05). Results. No macroscopic 
differences were observed between irradiated and control groups. PLM analysis 
revealed that cervical enamel exhibited darker areas characterized by discrete 
birefringence patterns, compared to control enamel. Optical retardation values were 
only significantly different at cervical enamel of irradiated and control groups 
(p<0.0001). SEM analysis revealed morphologic alterations affecting the organic 
matrix in cervical and outer cusp enamel of irradiated samples. Conclusions. Head 
and neck radiotherapy reduced optical retardation values of birefringence in cervical 
enamel and induced morphologic alterations of the enamel organic matrix.  
 
Keywords: Dental enamel, Radiotherapy, Head and neck neoplasm, tooth fractures, 
dental caries susceptibility (MeSH Database). 
 




 Head and neck cancer patients are often treated by the combination of surgical 
recession of the primary tumor and regional metastases, chemotherapy and 
radiotherapy in order to improve survival rates. Radiotherapy is one of the most 
common adjuvant treatment options for head and neck cancer and is usually 
associated with good rates of tumor control [Huang and O´Sullivan, 2013]. 
Unfortunately, in addition to the positive results concerning disease free survival, head 
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and neck radiotherapy generally affects non-targeted tissue adjacent to the tumor and 
produces a myriad of acute and chronic side effects, such as mucositis, hiposalivation, 
dysguesia, dysphagia, osteoradionecrosis, trismus and radiation-related caries, 
among others [Vissink et al., 2003]. The above-mentioned oral toxicities of 
radiotherapy may cause pain and difficulty eating, eventually having a negative impact 
on the quality of life and prognosis of patients with head and neck cancer [Sciubba et 
al., 2006]. 
 
 One of the most controversial topics in the scenario of side effects of 
radiotherapy to the maxillofacial region is the ability of ionizing radiation to cause teeth 
radiogenic destruction. A series of in vitro studies in this context have shown that high 
doses of ionizing radiation could impair the stability of the enamel, dentin, dentino-
enamel junction, human dental pulp and periodontal ligament [Pioch et al., 1992; 
Kielbassa et al., 2006; Konstantonis et al., 2013; McGuire et al., 2014a]. 
 
 Radiation-related caries, also known as “radiation caries”, is considered a chronic side 
effect of head and neck radiotherapy with high potential for tooth destruction. The clinical onset 
of radiation-related caries generally affects the cervical areas, incisal edges and cusp regions 
of anterior teeth, with tooth surfaces acquiring a dark or brownish color [Kielbassa et al., 2006]. 
When early diagnosis and prompt treatment is not achieved, radiation-related caries rapidly 
progress causing diffused enamel cracks, delamination and amputation of teeth crowns, 
leading to generalized teeth destruction and an increased risk for the development of 
osteoradionecrosis [Silva et al., 2009; Silva et al., 2010; Toletino et al., 2011]. 
 In contrast to this aggressive clinical behavior, the microscopic pattern of 
demineralization of radiation-related caries is similar to the demineralization fronts of 
conventional caries [Silva et al., 2009], evidence that enhances the controversies regarding 
the ethological factors of radiation-related caries. Apparently, this rapid clinical onset and 
progression is multifactorial and should be mainly attributed to indirect effects of head and 
neck radiotherapy, such as hipossalivation, post-radiation microbiological shifts in the oral 
cavity, oral pain and a consequent impaired capability to control oral hygiene, as well as an 
increase in the consumption of a more cariogenic diet that work in synergy to turn the oral 




 The enamel microstructure is linked to its complex mechanical properties; as a 
consequence, alterations on enamel produced by radiotherapy may be detected when 
evaluating its mechanical behavior, such as elastic modulus, micro and nano-hardness 
[Fränzel and Gerlach, 2009; Gonçalves et al., 2014]. However, previous in vitro studies 
have shown controversial enamel micro hardness and micromorphological results 
following radiotherapy [Soares et al., 2010; Gonçalves et al., 2014; de Siqueira Mellara 
et al., 2014]. This could be due to the fact that these studies were performed in sound 
teeth submitted to simulated radiotherapy, which does not represent real clinical 
conditions of post-radiation oral environment. There is lack of information concerning 
the direct effects of in vivo radiation to the enamel organic matrix. Therefore, the 
current study evaluated macroscopic, microscopic and ultraestructural morphological 
aspects of enamel from human teeth extracted from patients who had undergone head 
and neck radiotherapy and compared the results with enamel from non-irradiated 
patients. The null hypothesis tested was that there are no micromorphological 
differences between in vivo irradiated enamel and non-irradiated enamel. 
 
Materials and methods 
 This study was approved by the Ethics Committee for human studies, 
Piracicaba Dental School - UNICAMP (protocol number 060/2015), according to the 
recommendations for National Health Council-Ministry of health of Brazil for research 
in humans (Anexo 2). 
 Twenty human permanent molars extracted by clinical indications in an 
independent way to the current study were used and divided into two groups: Irradiated 
group (experimental) and non-irradiated group (control). Irradiated group was 
constituted by 10 molars extracted from 10 head and neck cancer patients who 
undergone tridimensional conformal radiotherapy with radiation doses varying from 50-
70 Gy. The control group consisted of 10 molars extracted from 10 head and neck 
cancer patients who were not treated by radiotherapy. Experimental and control teeth 
were matched according to anatomic teeth group (Tables 1 and 2 show the main 
clinical aspects of irradiated and non-irradiated patients from whom teeth were 
extracted and used in the present study). After extraction, all teeth were stored in 10% 
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neutral-buffered formalin solution, following clinical protocols previously described 
[Silva et al., 2009; Silva et al., 2010]. 
 
Macroscopic analysis  
 Macroscopic analysis of enamel was performed by photographs that were taken 
with a digital single lens reflex camera - DSLR (model EOS Rebel T3, Canon Inc., 
Tokyo, Japan), macro lens (Canon EF-100 mm f 2.8 Macro, Canon Inc., Ōta, Tokyo, 
Japan) and a Sigma 140 DG ring flash (SIGMA, Japan). Standardized photographs of 
different enamel faces (occlusal, mesial, distal, buccal and lingual) were taken with the 
following photographic parameters: manual mode, ISO 100, aperture: f22, shutter 
speed 1/125s, magnification ratio 1:2, taken from 30 cm of distance of samples. 
 
Polarized Light Microscopy  
 One longitudinal 0.5mm-thick-section taken from the center of each dental 
crown and one from cusps region were obtained from each tooth with a low speed saw 
(Isomet, Bueller, Lake Bluff, USA) under constant refrigeration to avoid damage of 
dental segments. Then, they were hand grounded and polished by silicon carbide 
paper of 600; 800; 1,000; 1,200 and 2,000 successively until obtaining homogeneous 
sections with final thickness of 0,1mm. An electronic digital caliper (Starrett 727, Brazil) 
was used to measure thickness of dental sections. Later, they were immersed in 
distilled water for 24 hours, put on a microscope slide and analyzed under polarized 
light microscopy (DM 5.000; Leica, Wetzlar, Germany) with the aid of polarized filters 
and 5x objectives. Representative and standardized images of enamel from cervical, 
cusps and occlusal pit region were obtained in both study groups. Images were 
captured with a camera that was coupled to polarized light microscope and they were 
analyzed in the manufacturer software (LAS, Leica, application suite, Germany). 
 A Brace-Köhler compensator (Leica, Wetzlar, Germany) was inserted into the 
polarized light microscope and the compensator was set at position zero. 
Measurements of optical retardation values of birefringence were obtained by points 
from outer, middle and inner enamel surface in cusp and cervical regions. Outer and 
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inner measurements were obtained at 20µm of distance from enamel surface and 
dentino-enamel junction respectively. Middle measurements from cusp and cervical 
enamel were obtained at 900µm and 150µm from enamel surface, respectively. Each 
measurement (point) was separated 200 µm from each other in each depth. In the 
occlusal pit region, these measurements were not divided by depth but they were 
obtained within the same optical field [De Medeiros et al., 2012]. 
 The darkest background area was localized and later the microscope plate was 
rotated 45º in order to obtain the maximum brightness area (called diagonal positions) 
and a monochromatic filter was inserted in the polarized light microscope. Later, the 
drum was moved until the specific area appeared dark or the center of the 
compensating band was in the point of intersection of the crosslines, in order to obtain 
i´ angle (first tilting angle). Measurement was repeated into the opposite direction to 
achieve i” angle (second tilting angle). Finally, both angles were added to obtain the 
phase difference in nanometers (nm) according to the wavelength used (white light: 
546.1nm). Five measurements (points) were obtained in each enamel depth (outer, 
middle and inner) in the cusp and cervical enamel. In total, fifteen measurements were 
calculated for each enamel region. 
 
Scanning Electron Microscopy  
 Dental sections were cleaned in an ultrasonic device (Ultracleaner, mod USC 
1400, Unique, Brazil) with distilled water for 5 minutes and they were hand polished 
using alumina oxide slurry (Alumina Slurry Water base- Electron Microscopy Science) 
with different particle sizes as 1µm, 0.3µm and 0.03µm subsequently, carrying out 
circular motions on felt clothes. Additional ultrasonic clean for 10 minutes between 
each polishing cycle was carried out. After the last polishing procedure (with 0,03 
alumina slurry), dental sections were cleaned for 20 minutes in the ultrasonic bath. 
Later, they were immersed in 37% phosphoric acid (H3PO4) for 3 seconds, rinsed with 
distilled water for 30s and were ultrasonically cleaned for 5 minutes in order to remove 
smear layer and expose enamel structures. Finally, dental fragments were dehydrated 
in a series of increasing ethanol concentrations (25%, 50%, 75%, 95%, 100%) and 
they were put in a blue silica-containing recipient for 24 hours. Subsequently, the 
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dental sections were fixed on metal stubs with a double-sided adhesive carbon tape 
(Electron Microscopy Science) and sputter coated with gold/palladium (SCD 050; 
Balzer, Schaan, Liechtenstein). Later, the same enamel areas (cervical, cusp and 
occlusal pit) were analyzed using a scanning electron microscope (SEM, JSM - 
5600LV-JEOL, Tokyo Japan), operated at 15 kV, working distance of 16 mm and spot 
size 25. Magnification of 5,000X was used to obtain representative images from 
hydroxyapatite crystals and enamel organic matrix. 
 
Statistical analysis 
 Statistical analysis was performed using Infostat software, version 2015 
(Infostat Group, FCA, National University of Cordoba, Argentina). All the data from 
optical retardation values of birefringence were tabulated and Shapiro-Wilk test was 
used to assess data normality. All data were statistically analyzed by two-way ANOVA 




Macroscopic analysis of enamel 
 Macroscopically, no qualitative differences were observed between irradiated 
and control groups. Occlusal enamel showed cusps with normal characteristics, 
presence of some micro-cracks, worn areas and normal extrinsic pigmentation in both 
groups. Enamel from buccal and lingual surfaces showed macro and micro textures 
and some extrinsic pigmentation in both groups. According to the inclusion criteria, 
none of the experimental group samples presented clinical evidence of radiation-
related caries. The main macroscopic features of enamel from both groups are shown 






Polarized Light Microscopy  
  The enamel of the dental cusps showed intense birefringence characterized by 
brisk colorful (yellow, blue, red, orange) and bright areas in both study groups, which 
indicates no qualitative differences between groups. In addition, the striae of Retzius 
and enamel tufts were evident in both irradiated and non-irradiated samples (Fig. 2a 
and 2d). The cervical region of enamel from the irradiated group showed evident 
birefringence and brightness decrease, when compared to the enamel of the cusps 
and occlusal pit regions of the same group. The cervical enamel of in vivo irradiated 
enamel showed shades that varied from black to gray, indicating a qualitative decrease 
or absence of enamel birefringence (Fig. 2e), when compared with the control samples 
pattern of birefringence. Conversely, cervical enamel in the control group had a brisk 
and bright pattern of birefringence (Fig. 2b), similar to the observed on the occlusal 
surface. In addition, light and dark Hunter-Scherger bands of enamel were clearly 
observed in both study groups. Occlusal pit enamel showed similar color and 
brightness gradients with no differences observed between non-irradiated and 
irradiated groups. 
 
Optical retardation values of birefringence 
 Table 3 shows the mean values and standard deviation of optical retard of 
birefringence (in nanometers) from each enamel area of both groups. In summary, the 
mean values for optical retard of birefringence were reduced in cusps (p>0.05), cervical 
enamel (p<0.0001) and occlusal pits (p>0.05) areas of post-radiation samples when 
compared with the control group. Cervical was the only enamel region to present a 
statistical significant difference when comparing both groups. 
 Table 4 shows specific results from mean and standard deviation of optical 
retard values in nanometers of each enamel depth from cusps and cervical region. 
Optical retard values filtered by enamel depth in cusps revealed highest mean values 
of birefringence in the outer surface and lowest values in inner surface, however, no 
significant differences were detected when comparing irradiated and non-irradiated 
groups (p=0.1833). There were significant differences when comparing optical retard 
values at different enamel depths in samples from the same groups (p<0.0001). 
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According to enamel depth in cervical region, the highest mean values of optical 
retardation were found in the outer surface and the lowest in the inner surface. 
Significant differences were found between them in an intragroup analysis (p<0.0001). 
In addition, significant differences were found between depths when an intergroup 
analysis was performed (p<0.0001), with reduced mean values in the study group. 
 
Scanning Electron Microscopy  
 Scanning electron microscopy analysis revealed that enamel from outer cusp 
showed a parallel and well arranged prismatic pattern. They were separated by enamel 
organic matrix that showed different orientation and lower volume. In the irradiated 
group, a very slight separation of enamel organic matrix from prisms was observed 
(Fig. 3a and 3d). In the middle surface of cusp enamel, an increase in enamel prisms 
per area, decrease in prismatic organization and meandering tracts were observed in 
both groups (Fig. 3b and 3e). In addition, irradiated group samples showed some 
micro-holes between enamel organic matrix and hydroxyapatite crystals. In the inner 
enamel from cusp enamel (near dentine-enamel junction), shorter, less compact, more 
irregular enamel prisms and more organic matrix areas were observed in both groups 
(Fig. 3c and 3f). In addition, slight shape alterations in the enamel organic matrix were 
observed in the irradiated group. 
 Enamel microstructure from cervical region exhibited horizontal-diagonal 
orientation, atypical prismatic shapes that stayed unalterable in both study groups (Fig. 
3g, 3h, 3i). Nevertheless, in the irradiated group, morphological alterations were 
evident as the presence of irregularities and loss of enamel organic matrix. These 
findings were more evident in the middle and inner surface, near dentin-enamel 
junction (Fig. 3j, 3k and 3l). Enamel microstructure from occlusal pits showed similar 
morphological characteristics with the enamel from cusps, but no perfectly parallel 
orientation of prisms was observed. Conversely, it showed a little disrupted pattern of 
hydroxyapatite prisms surrounded by extracellular enamel matrix. No qualitative 
differences were observed between control and irradiated group in these areas (Fig. 





 Higher susceptibility to enamel fractures and radiation-related caries are two of 
the most important dental complications in head and neck cancer patients who have 
undergone radiotherapy [Kielbassa et al., 2006]. In the present study, most cancer 
patients included in the experimental group presented advanced clinical stage of 
disease and were treated by multimodality protocols including high doses of ionizing 
radiation by the means of linear accelerators and treatment plans based on 
tridimensional conformal radiotherapy. Thus, according to a previous study of our 
group, these patients also received high doses of radiation in their molar teeth, which 
were included in the radiation field of the primary tumor and cervical lymph nodes 
[Morais-Faria et al., 2015]. This study’s design was based only in molars matched by 
teeth group, aiming to select a more homogeneous sample in terms of teeth 
micromorphology and dosimetric distributions following head and neck radiotherapy 
[Morais-Faria et al., 2015].   
 
 It is important to emphasize that the current study was based on molar teeth 
samples that were not affected by radiation-related caries or conventional caries (in 
the control and experimental groups), in order to access micromorphological features 
of the enamel that could be changed by in vivo head and neck radiotherapy. The 
macroscopic analyses of enamel in both groups showed no differences in their clinical 
aspect, however, when enamel was analyzed under polarized light microscopy, it was 
possible to detect micromorphological alterations affecting the enamel from irradiated 
patients, characterized by reduced qualitative patterns of birefringence as well as 
reduced optical retardation values of birefringence. 
 
 This study found mean values of optical retardation values of birefringence that 
are in accordance with previously observed results concerning healthy enamel from 
permanent teeth [Carlström and Glas, 1963]. Apparently, this is the first study to 
demonstrate that optical retardation values of birefringence vary according to the area 
and enamel depth. These variations may be associated to morphological differences 
in hydroxyapatite crystals and extracellular enamel matrix, since it was already 
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described that the inorganic components of enamel are more evident in outer enamel 
surfaces while the organic components are usually found in higher volumes in the inner 
enamel, near the dentin-enamel junction [De Menezes Oliveira et al., 2010; Setally 
Azevedo et al., 2014]. 
 
 According to qualitative and quantitative analysis obtained by polarized light 
microscopy in the present study, cervical enamel was the most frequently affected 
dental area by radiotherapy. The detection of reduced patterns of birefringence in 
cervical enamel of in vivo irradiated samples may represent incipient structural 
alteration that might lead to the onset of radiation-related caries if not diagnosed and 
promptly treated. Previous studies of our group also detected subsuperficial enamel 
demineralization in post-head and neck radiotherapy teeth by using different 
methodological approaches, including optical light microscopy, polarized light 
microscopy, scanning electron microscopy, optical coherence tomography and, more 
recently, microtomography [Silva et al., 2009; de Oliveira Mota et al., 2013; Morais-
Faria et al., 2015]. These results are reinforced by previously reported data suggesting 
that there is a direct relationship between enamel microstructure and birefringence 
patterns; and therefore any microscopic alteration could significantly reduce optical 
retardation values of birefringence [Shellis et al., 2002; Sabel N et al., 2010]. 
 
 Hence, when taking together all the above mentioned results, one could suggest 
that the reduced birefringence patterns observed in cervical enamel of irradiated 
patients could be associated to alterations on its microstructure, specially in the organic 
matrix, as confirmed by a study based on scanning electron microscopy [Soares et al., 
2010]. In the present study, scanning electron microscopy analyses detected a more 
disorganized pattern of enamel organic matrix in irradiated samples. This area 
exhibited a highly porous pattern, indicating an enamel morphological alteration as 
suggested in in vitro studies [Soares et al., 2010; Gonçalves et al., 2014]. 
Nevertheless, comparisons between studies that evaluated in vivo and in vitro effects 
of radiotherapy on enamel microstructure should be carefully established because 
simulated radiotherapy does not represent real clinical conditions concerning the 
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cariogenic microenvironment or the dosimetric standards for head and neck 
radiotherapy [Morais-Faria et al., 2015]. 
 
 This study demonstrated that all cervical enamel depths and only inner enamel 
from cusp were changed after head and neck radiotherapy. These morphological 
alterations were consistent with lower optical retardation values of birefringence 
obtained on these depths, compared with control group. These results are consistent 
with other study [Reed R et al., 2015] that demonstrated a significant reduction of 
mineral and protein content especially in the inner enamel surface, near dentin-enamel 
junction. On this regard, it is probably that both (middle and outer) enamel depths could 
be more susceptible to ionizing radiation effects due to the existence of higher volumes 
of organic contents in these areas [Setally Azevedo M et al., 2014]. In addition, the 
enamel organic matrix of cervical enamel is probably more affected due to its reduced 
thickness when compared to other anatomic teeth areas, such as cusps and occlusal 
pits. This last particular characteristic and its irregular microstructure as shown in our 
study could turn cervical enamel into a more prone area to be affected by the direct 
and the indirect effects of ionizing radiation following cancer treatment. 
 
 When it comes to the direct effects of radiotherapy on teeth, when reading the 
results of the present study, one might suggest that the morphologic alterations on the 
enamel organic matrix from cervical enamel could be associated with specific features 
from ionizing radiation, such as short wavelength, high energy and generation of free 
radicals during radiotherapy [Fajardo LF, 2005]. Ionizing radiation could cause a non-
selective oxidation of organic components including decarboxylation and finally 
proteolysis of non-collagenous enamel proteins that are present in the interprismatic 
region. This proteolytic mechanism could occur in a similar way as radiotherapy breaks 
the links that maintain ultrastructural organization of organic components in other 
human tissues [Mitchell et al., 1998; Hübner et al., 2005; McGuire et al., 2014a]. In this 
context, a recent published study demonstrated higher expression of matrix 
metalloproteinase-20 (MMP-20), also called enamelysin, in the dentin-enamel junction 
surroundings of in vitro irradiated teeth. The proteolytic activity of MMP-20 could 
degrade the complex structure of non-collagenous proteins such as amelogenin and 
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ameloblastin located in enamel organic matrix, leading to enamel delamination and 
contributing to the etiology radiation-related caries [McGuire et al., 2014b]. 
 
 There is a consensus that radiation-related caries is a multifactorial process that 
depends direct and indirect effects of radiation, including quantitative (hiposalivation) 
and qualitative changes on saliva, the consumption of a more cariogenic diet, poor oral 
hygiene, et cetera [Kielbassa et al., 2006; Sciubba et al., 2006]. Therefore, although 
we cannot conclude if the micromorphologic alterations describe in this study were 
caused by direct or indirect effects of radiation. It seems reasonable to suggest that 
such enamel changes permit the formation of a highly porous and more permeable 
enamel structure, which could contribute to the rapid onset and progression of 
radiation-related caries. Besides, these radiation-related structural alterations of 
cervical enamel could be also involved in enamel cracking and fractures propagation. 
 
 Lastly, it is relevant to mention that the interprismatic proteins act as natural and 
complex polymers with viscoelastic properties that allow homogeneous distribution of 
masticatory loads [He and Swain, 2008; Yahyazadehfar and Arola, 2015]. Thus, 
radiation-related damage to the organic component of cervical enamel, in association 
with other factors such as high level of psychosocial stress experienced by these 
patients (and consequent teeth grinding and clenching), lower thickness of cervical 
region enamel, high stress concentrations by masticatory forces and dehydrated oral 
environment, could establish a synergic effect that lead to higher risk of cervical 
enamel fractures and delamination [Dejak et al., 2003; Gonen et al., 2012]. 
 
 In conclusion, in vivo head and neck radiotherapy is able to change the 
micromorphologic structure of the human cervical enamel prior to the clinical 
development of incipient radiation-related caries. Therefore, the current study partially 
rejected the tested null hypothesis, since no macroscopic changes were observed; 
however, micromorphological differences could be detected between in vivo irradiated 





 Clinical protocols for early diagnosis and prompt treatment of radiation-related 
caries are urgent needed. In this sense, the results of the present study highlight the 
importance to protect dental surfaces that are susceptible to radiation caries, especially 
cervical enamel before the course of head and neck radiotherapy in order to prevent 
rampant caries onset and progression. 
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Figure 1. Macroscopic analysis of dental enamel in both groups. a) Occlusal enamel from control group. b) 
Buccal enamel from control group. c) Proximal enamel from control group. d) Occlusal from irradiated group. 









Figure 2. Enamel under polarized light microscopy. a) Enamel from cusp in control group showing a colorful 
and bright pattern of birefringence. b) Cervical enamel in control group showing a colorful and bright pattern 
of birefringence. c) Enamel from occlusal pit in control group. d) Enamel from cusp in irradiated group showing 
birefringence patterns. e) Cervical enamel from irradiated group showing a reduction in color and brightness 





Figure 3. Enamel under scanning electron microscopy. Enamel from cusp region. a) Outer enamel surface 
from control group. b) Middle enamel surface from control group. c) Inner enamel surface from control group. 
d) Outer enamel surface from irradiated group showing little evident separation of organic matrix (arrows). e) 
Middle enamel surface from irradiated group showing little evident organic matrix separation (arrows). f) Inner 
enamel surface from irradiated group showing disorganization of enamel organic matrix (arrows). Enamel 
from cervical region - Control group. g) Outer enamel surface. h) Middle enamel surface.  i) Inner enamel 
surface. Enamel from cervical region - Irradiated group. j) Outer enamel surface showing a morphologic 
alteration of interprismatic region. k) Middle enamel surface showing morphologic alteration of organic matrix 
(arrows). l) Inner enamel surface from irradiated group, showing a more evident structural alteration in organic 






Table 1. Main clinicopathological characteristics from male head and neck cancer 





























2 50 Yes Yes Floor of the mouth T4 Sur+C+RDT 60Gy 
3 50 Yes Yes Floor of the mouth T4 Sur+CRDT 66Gy 
4 57 Yes Yes Larynx T4 Sur+RDT 60Gy 
5 70 Yes Yes Parotid gland T2 Sur+RDT 50Gy 
6 63 No No Oropharynx Tx Sur+C+RDT 50Gy 
7 70 Yes Yes Larynx T1 RDT 63Gy 
8 60 Yes Yes Oropharynx T2 CRDT 70Gy 
9 60 Yes Yes Oropharynx T2 CRDT 70Gy 












RDT 62.9 Gy 
Sur: Surgery; CRDT = chemoradiotherapy; RDT = radiotherapy; Dose = total dose to the tumoral volume; 






















2 M 62 Yes Yes T3 
3 F 84 Yes No T4 
4 M 48 Yes Yes T4 
5 F 80 Yes No T2 
6 M 59 No Yes T4 
7 M 55 Yes Yes T3 
8 M 49 Yes Yes T4 
9 M 56 Yes Yes T1 





















Table 3. Mean and standard deviations of the optical retardation values of 








308.0 ± 47.4  
 
65.8 ± 23.6  
 




340.8 ± 58.1  
 
250.6 ± 50.2  
 
239.4 ± 41.8  
p-value                      >0.05                 0.0001                  >0.05 












Table 4. Mean and standard deviations of the optical retardation values of 
birefringence in nanometers (nm) at different enamel regions and depths. 
 
 Cusp  
Group Outer Middle Inner p-value 
Irradiated 381.48 ± 64.61  303.50 ± 62.36  238.93 ± 47.49 
 
0.1833 
Control 413.75 ± 72.77  331.0 ± 72.17  277.60 ± 55.26  
p-value  0.0001   





Group Outer Middle Inner p-value 
Irradiated 86.27 ± 30.24  59.80 ± 24.11  51.34 ± 26.03  
 
0.0001 












Diante dos resultados encontrados no presente estudo, pode se concluir que: 
 
1. Não houve diferenças macroscópicas entre a superfície hígida do esmalte dental 
de pacientes com câncer de cabeça e pescoço submetidos à radioterapia quando 
comparada a seus pares não irradiados. 
 
2. Os padrões qualitativos de birrefringência, os valores de retardo óptico de 
birrefringência e a organização ultraestrutural do esmalte variaram em função da 
área anatômica estudada (cúspide, cervical, fossa oclusal) e profundidade do 
esmalte (superficial, médio e profundo). 
 
3. Amostras da região cervical do esmalte dental humano irradiado in vivo 
apresentaram valores de retardo óptico de birrefringência reduzidos e alterações 
micromorfológicas da matriz orgânica quando comparadas a amostras de esmalte 
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